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Fruit development entails a multitude of biochemical changes leading up to the mature green stage.
During this period the cell wall will undergo complex compositional and structural changes. Inhibition of
genes encoding elements of the machinery involved in trafﬁcking to the cell wall presents us with a
useful tool to study these changes and their associated phenotypes. An antisense SlRab11a transgene has
previously been shown to reduce ripening-associated fruit softening. SlRab11a is highly expressed during
fruit development which is associated with a period of pectin inﬂux into the wall. We have analysed the
cell wall polysaccharides at different stages of growth and ripening of wild type and antisense SlRab11a
transgenic tomato (Solanum lycopersicum cv, Ailsa Craig) fruit. Our results demonstrated intriguing
changes in cell wall composition during the development and ripening of wild type Alisa Craig tomato
fruit. Analysis of SlRab11a expression by TaqMan PCR showed it to be expressed most strongly during
growth of the fruit, suggesting a possible role in cell wall deposition. The SlRab11a antisense fruit had a
decreased proportion of pectin in the cell wall compared with the wild type. We suggest a new approach
for modiﬁcation of fruit shelf-life by changing cell wall deposition rather than cell wall hydrolytic
enzymes.
 2013 Elsevier Masson SAS. Open access under CC BY-NC-ND license.1. Introduction
Fruit ripening is of interest to research groups and industry
alike. The obvious phenotypic changes that occur during this pro-
cess are brought about by amultitude of factors. These complex and
highly regulated processes have been studied extensively in tomato
[1]. Cell wall modifying enzymes have been considered to be the
main contributors to the softening of the fruit and consequently,
many groups have tried to alter this aspect of ripening by genetic
constructs designed to inhibit the synthesis of these speciﬁc en-
zymes. However, despite the success of these techniques at the
genetic level, phenotypically these have generally resulted inminor
alterations to the softening process. Gene silencing to reduce pol-
ygalacturonase activity to as low as 1% of normal levels had rela-
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der CC BY-NC-ND license.been conducted to elucidate the role of PE [7,8], endo-glucanase
[9,10] and xyloglucan endotransglycosylase [11] in fruit softening.
However, all of these studies resulted in only minor or no reduction
in fruit softening, with one particular study by Phan et al. [12]
showing an increase in softening. However, more signiﬁcant ef-
fects have been achieved through inhibition of galactanase gene
expression [13] and inhibition of the ripening speciﬁc expansin
[14]. Fruits in which polygalacturonase and expansin had been
inhibited simultaneously showed a greater effect on fruit softening
and tomato paste viscosity than fruits with either alone inhibited
[15,16]. These studies show the complexity of ripening and give
evidence for multiple enzymes working in concert. Therefore, the
alteration of softening may depend on reduction of multiple en-
zymes simultaneously and this is supported by the observation that
inhibition of ethene biosynthesis [17] to simultaneously inhibit
many aspects of ripening has a more dramatic effect upon soft-
ening. For these reasons it has been suggested that blocking the
trafﬁcking route to the cell wall might bring about just such a
simultaneous inhibition of the effect of many enzymes and thus a
more signiﬁcant effect on softening [18].
Trafﬁcking of cell wall precursors and cell wall modifying en-
zymes requires control to maintain the balance of developmental
cues, particularly for metabolically active tissue such as tomato
D. Lunn et al. / Plant Physiology and Biochemistry 66 (2013) 91e9792fruit. Rab GTPase enzymes give rise to this control by regulating
vesicle docking through action as a molecular switch [19]. It has
now been shown that there are many related clades of Rabs across
many species throughout nature and these regulate docking with
different parts of the endomembrane system [20e23]. In particular,
the plant RabA GTPase class is deserving of investigation. Plant
species possess an expanded RabA class compared with their
mammalian Rab11 counterparts. In Arabidopsis there are 57 indi-
vidual RAB genes of which 26 belong to the RABA class [22].
SlRab11a (formerly LeRab11a), which is orthologous to RABA1a in
Arabidopsis is associated with the TGN and dominant negative
versions of the SlRab11a gene showed inhibited exocytosis of
secreted GFP [24]. In addition, an antisense SlRab11a construct
reduced tomato fruit softening, producing ﬁrmer fruit in compar-
ison to the Ailsa Craig wild type (ACþþ) and reduced levels of
several cell wall modifying enzymes in the fruit [25]. However, as
well as enzymes, many other compounds are transported through
the TGN to the plasma membrane and the apoplast. Therefore, we
decided to analyse other possible components of the cell wall that
might have been affected by inhibition of Rab11 activity.
2. Results
2.1. Conﬁrmation of G4 antisense homozygous lines
Wild type and G4 antisense lines [25] were grown from seed and
PCRwas undertaken to conﬁrm the presence of the antisense Rab11a
construct in the fruit. The results are shown in Supplementary
Fig. S1. As a conﬁrmation of the expression of the antisense
phenotype, fruit was harvested at ﬁxed times during ripening and
ﬁrmness was assessed using texture analysis (Supplementary
Fig. S2). This conﬁrmed the slow softening phenotype of the G4
line. Photographs of fruit at the 40 day post breaker stage further
conﬁrm this phenotype (Supplementary Fig. S3). At this point the
ACþþ tomatoes had lost their smooth structure and had cracked
exocarps which accounts for the infection shown.
2.2. mRNA expression proﬁling of SlRab11a during fruit
development and ripening
The expression of SlRab11a has only previously been determined
during ripening and only by northern blot. We determined the
expression proﬁle for SlRab11a in the wild type during both fruit
development and ripening using quantitative real-time PCR and
speciﬁc primers. Fig. 1 shows that the mRNA level was at its
maximum at 15 days-post-anthesis (15 dpa) which was the earliestFig. 1. Expression proﬁle of SlRab11a during tomato fruit development and ripening.
SlRab11a RNA levels are relative to 18S RNA. SlRab11a mRNA levels measured by real-
time PCR at 15 dpa, 35 dpa, 45 dpa, breaker, breaker þ15 days and breaker þ35 days.time point taken during the analysis. The level reached its lowest at
45 dpa and remained at a relatively low level throughout the fruit
ripening period.2.3. Cell wall analysis of developing tomato fruit
The composition of the cell wall during the development of the
fruit was assessed. To do this acetone insoluble solid (AIS) was
prepared from tomato fruit pericarp and fractionated to give a
proﬁle of the cell wall composition. The composition (mg/g) of the
pectin, hemicellulose and cellulose rich fractions at 15 dpa, 35 dpa
and breaker stages of development can be seen in Fig. 2. After
correction for the starch component of the cellulose rich fraction,
the total mass balance recovered during the fractionation was be-
tween 830 and 890 mg/g of the total AIS, the breakdown of which
can be seen in Table 1. For wild type (ACþþ) fruit at 15 dpa the
hemicellulose rich fraction represented the largest component of
the cell wall, accounting for around 45% of the recovered cell wall
mass. This compared to 21% pectin and 33% cellulose rich fraction.Fig. 2. Cell wall composition of ACþþ and G4 fruit. Fruit was harvested at 15 dpa,
35 dpa and breaker stage. Pericarp cell wall material was prepared as an acetone
insoluble solid and fractionated into pectin, hemicellulose and cellulose enriched
fractions. ACþþ (A) and G4 antisense (B). Statistical signiﬁcance level at 35 dpa p < 0.05
and breaker p < 0.001. Cell wall components are as follows: pectin ( ), cellulose ( ),
hemicellulose ( ).
Table 1






AC 15 127  6 271  7 490  21 289  36 201  21 888  35
AC 35 269  31 166  13 414  16 109  22 305  16 849  62
AC B 460  9 113  20 308  16 51  20 257  16 881  45
Rab11 15 115  2 235  15 508  20 253  13 255  20 858  38
Rab11 35 208  5 146  6 475  10 94  18 381  10 829  22
Rab11 B 347  12 104  10 397  16 44  23 353  16 848  39
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35 dpa; at this stage cellulose accounted for 41%, pectin 36% and the
hemicellulose rich fraction 22% of the recovered material. By
breaker stage, pectin now accounted for the highest proportion of
the wall material at 55% with the cellulose and hemicellulose rich
fractions accounting for 30 and 13% respectively. Cell wall compo-
sition data for the G4 antisense fruit showed a similar pattern in
respect to the hemicellulose fraction, with the highest value being
at 15 dpa and the proportion of hemicellulose reducing as the fruit
approached breaker. Pectin also displayed a similar pattern to that
in the ACþþ fruit, starting out as the lowest at 15 dpa and increasing
over time. However, G4 antisense pectin levels were signiﬁcantly
reduced in comparison to ACþþ at 35 dpa and breaker. In contrast,
the cellulose was increased in percentage compared with the wild
type. This proportional change is most striking combined with
pectin at breaker stage, where in ACþþ pectin was the dominant
polymer, however in G4, pectin and cellulose were equal.
2.4. Monomeric composition of cellulose and hemicellulose rich
fractions
The cellulose and hemicellulose rich fractions were taken and
monomer composition determined by HPAEC following Saeman
hydrolysis. Fig. 3 shows the monomer compositions of the cellulose
and hemicellulose rich fractions. It can be seen that the pattern is
very similar for all lines tested. With respect to the hemicellulose
fraction, the major sugars present in each case are xylose and
glucose, each representing about 400 mg/g, the residual monomers
being galactose and arabinose. This would suggest that this fraction
is relatively pure, is reproducible across all the lines, and represents
primarily the xyloglucan fraction of the wall. The cellulose rich
fractions for both ACþþ and G4 antisense fruit had similar glucose
contents of between 650 and 700 mg/g. They all had similar levels
of xylose, arabinose and galactose accounting for around 250 mg/g
in total. Thus the fractions, whilst not representing a clean cellulose
preparation are all nonetheless similar in terms of their overall
composition and as such, probably represent reproducible fractions
between all the lines examined.
2.5. Degree of esteriﬁcation of total pectin during fruit development
and ripening
In addition to the measurement of total pectin the degree of
esteriﬁcation of this pectin was also determined. Pectin esteriﬁca-
tion was measured over the period between 15 dpa and breaker
(Fig. 4). In wild type fruit the degree of esteriﬁcation at 15 dpa was
about 73%. As the fruit approached breaker, the degree of esteriﬁed
pectin decreased until at breaker this had reached about 65%.
Esteriﬁcation in the G4 antisense fruit followed the same pattern
with esteriﬁcation initially being about 78% and decreasing to 72%
at breaker. However, the G4 antisense fruit did appear to lag behind
in the esteriﬁcation process compared to wild type, though the
differences were small and only signiﬁcant at breaker.3. Discussion
Previous studies on the SlRab11a antisense lines clearly
demonstrated a delayed fruit softening phenotype [25]. This
phenotype was repeated in the lines used for this paper. However, a
mechanism for this phenotype has not so far been elucidated. Early
studies, using northern blot analysis, suggested that the target Rab
gene showed increased expression during fruit ripening [25] and as
a result, previous attempts to identify a mechanism for the delayed
softening focused on the ripening phase of fruit development. In
this paper speciﬁc primers to SlRab11a were used and the quanti-
tative PCR data presented here showed levels of SlRab11a mRNA
were highest at around 15 dpa and then dropped during fruit
development, reaching a minimum at the breaker stage. The dif-
ference between these results and the previous northern blot re-
sults is probably due to those early results being inﬂuenced by
other members of the large family of highly homologous RabA
genes in plants [22]. There was no increased expression of SlRab11a
associated with fruit ripening. The observation that SlRab11a
expression was highest during early fruit development, suggests
that the changes in the antisense fruit that result in the ﬁrm
phenotype might occur mainly during development of the fruit,
rather than during ripening. This therefore raised the question of
whether the G4 antisense affected the deposition of the cell wall
during the expansion and subsequent development periods prior to
ripening of the fruit in such a way that it responded differently to
hydrolytic enzymes during ripening or was intrinsically stronger. If
so, the enzymatic differences compared with the wild type, shown
by Lu et al. [25] might be only part of the explanation for the
ﬁrmness of the fruit. It was therefore interesting to study the nature
of the cell wall during the developmental phase and to compare
wild type with antisense lines.
Of particular interest, was the cell wall composition in wild type
fruit. In this study, pectin was found to be the dominant polymer
in tomato fruit at breaker, which is consistent with established
literature [26,27]. However, these studies focused on cell wall
composition during the post breaker stage. Data in this study show
that at 15 dpa pectin levels represent the smallest proportion of the
cell wall polymers. From 15 dpa onwards pectin proportionally
increased to become the dominant cell wall polymer. In respect
to other polymers, cellulose remained relatively consistent levels
throughout, while hemicellulose was proportionally reduced lead-
ing up to breaker. There are several possible ways of interpreting
these data. One possibility is that the levels of cellulose and hemi-
celluloses aredecreasingor remaining constant, however this seems
unlikely. A second possibility is that all three components, cellulose,
hemicelluloses and pectin, are being deposited in the walls during
development but that the rate of pectin deposition is increasing.
There is also the thirdpossibility that turnover of thewallmaterial is
also being differentially regulated during fruit development. It is
interesting to note in this context that pectic polysaccharides,
xyloglucans and proteins may be remobilised out of the cell wall
afterdeposition [28e34]. Finally, it is not impossible to conceive that
these data occur through a combination of the second and third
mechanisms. It is interesting to note that the period between 15 and
35 dpa is associatedwith expansion of the fruit. It is thus possible to
postulate that the change in cell wall composition is in some way
directly related to the “switch” from cell division, which is pre-
dominant, during the ﬁrst 2e3 weeks after pollination, to that of
expansion of the fruit over the following 3e5 weeks [32]. Although
showing a similar trend in cell wall compositional changes during
development fruit from the G4 antisense line demonstrated differ-
ences in pectin levels from the ACþþ control.
It has long been postulated that pectin is made and then
esteriﬁed while in transit between the Golgi and cell wall [33] and
Fig. 3. Monomeric composition of the cellulose and hemicellulose fraction obtained by fractionation. ACþþ cellulose fraction (A), G4 antisense cellulose fraction (B), ACþþ
hemicellulose (C) and G4 antisense hemicellulose (D). Monomers are as follows: arabinose ( ), galactose ( ), glucose ( ), xylose ( ).
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undergoes progressive de-esteriﬁcation through the action of in
muro pectinesterase activity. Data presented here detail the period
before breaker stage for which there are currently few data in the
literature. The esteriﬁcation at 15 dpa was shown to be 73% andFig. 4. Degree of esteriﬁcation of total pectin extracted from ACþþ and G4 antisense
fruit. ACþþ is shown by dotted black line with diamond data points and G4 antisense
shown by a long dashed grey line with square data points. Statistical signiﬁcance level
at breaker p < 0.01.varying little throughout the period leading to breaker. It is inter-
esting that the literature value of 100% has not been observed in
data shown, however this could be due to pectinesterase isoforms
operating before 15 dpa or an inherent inaccuracy of the method-
ology used to determine esteriﬁcation levels. The degree of ester-
iﬁcation in breaker fruit in this study is consistent with those
reported in the literature [7,8,35]. There are several isoforms of
pectinesterase associated with tomato fruit [36e38] and one of
these e PE2 e has been implicated in the pectin de-esteriﬁcation
that accompanies fruit ripening [7]. The role of the other isoforms
is unclear although it is possible that PE1 acts during fruit devel-
opment rather than during ripening [12].
Trafﬁcking of pectin may occur through SlRab11a bound vesi-
cles. This is consistent with the observation that levels of SlRab11a
transcript were highest during these stages of fruit development.
The resulting difference in composition means that G4 antisense
fruit has an increased proportion of cellulose and corresponding
reduction in pectin. Similarly, the G4 antisense line displayed
a similar pattern in the esteriﬁcation of the pectin during
development.
These results do appear to provide evidence for the involvement
of SlRab11a in pectin trafﬁcking during development of the tomato
fruit. The G4 antisense transgene would appear to result in delayed
secretion of pectin and the increase in fruit ﬁrmness found with the
G4 phenotype, might be related to these observed alterations in cell
wall composition.
Whereas previous attempts to extend fruit shelf life by inhibit-
ing the production of cell wall modifying enzymes during ripening
have produced largely disappointing results, these ﬁndings suggest
that modifying cell wall composition may offer a much more
promising approach for fruit biotechnologists.
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4.1. Experimental plants
Tomato plants, either wild type Solanum lycopersicum cv Ailsa
Craig or the SlRab11a antisense line G4, which is a homozygous line
selected from T3R4 [25], were grown side by side under glass.
Plants were grown on a mixture of M3/JI No3/perlite/vermiculite
(6/6/1/, v/v/v/v). Glasshouse conditions were maintained to give
around 20 C and a 12 h minimum day period.
4.2. DNA extraction
DNA was extracted using GenElute plant genomic DNA mini-
prep kit (SigmaeAldrich Cat No. G2N350-1KT). Plant material was
ground in liquid nitrogen and then lysis solution part A (350 ml) and
part B (50 ml) were added respectively. The samplewas incubated at
65 C for 10 min, before precipitation solution (130 ml) was added.
The sample was incubated for 5 min on ice and then centrifuged
(19,357 g for 5 min) to pellet debris. Binding solution (700 ml) was
then added, and after mixing, 700 ml of sample transferred to the
binding column and centrifuged (19,357 g for 1 min). The ﬁltrate
was discarded and the column transferred to a new collection tube.
Wash solution (500 ml) was added to the column and discarded
after centrifugation and this step repeated three times before
addition of elution solution (100 ml) which was collected following
centrifugation.
4.3. Genotyping by PCR
The presence of the transgene was conﬁrmed by PCR using
Promega 10X Taq DNA polymerase, according to manufacturers
instructions. Primers used were 50-CGACCCCCACCCACGAGGA-30
(35S promoter) and 50-ACGTCGGARACGTCGCCGA-30 (GA antisense
sequence).
4.4. Fruit texture analysis
Texture analysis was performed four times on each fruit at 90
angles measured from a top down perspective. These values were
then averaged to give ﬁrmness overall for each replicate. This
process was conducted on triplicate fruit for all lines. Texture was
assessed using TAXT-II texture analyser (Micro Systems), probe
6 mm speed 10 mm/s depression 4 mm, data recorded in Newtons.
4.5. RNA extraction
RNA was extracted as described by Phan et al. [12] except that
the resulting mRNA preparation was further treated by adding 10X
DNase buffer (500 mM TriseCl, pH 8; 50 mM MgCl; 10 mM DTT)
(2 ml), RNase inhibitor (10 units), DNase I (0.5 Kunitz units) RNase
free, made up to a ﬁnal ﬁll volume of 20 ml with dH2O. The mixture
was heated at 37 C for 30 min then 2 ml EDTA was added and the
mixture incubated at 65 C for 5 min to inactivate DNase.
4.6. Real-time PCR
mRNAwas quantitatively analysed by real-time PCR with a gene
speciﬁc TaqMan probe and primer sequences designed using
Primer Express (Applied Biosystems, CA, USA). The probes were
purchased ready-labelled from Sigma-Genosys (Texas, USA). The 50
and 30 ends of these probes were labelled with ﬂuorescent dye FAM
and TAMRA respectively.
First strand cDNA was obtained from 1 mg of RNA using
Enhanced Avian Reverse Transcriptase kit (Sigma, product No. STR-1) according to manufacturers instructions. Real-Time PCR re-
actions were performed on the ABI Prism 7700 Sequence
Detection System (Applied Biosystem, CA, USA). In a ﬁnal volume of
25 ml, the reaction contained as follows; 25 ng reverse transcription
mixture, 0.2 mM forward and reverse primers, 0.1 mM probe
together with 12.5 ml of TaqMan Universal PCR Master Mix
(Applied Biosystems, CA, USA), with 18S RNA as an internal control.
4.7. AIS production
Fresh tomato pericarp (40 g) was skinned, cubed and boiled at
80 C in 95% EtOH (100 ml) for 30 min. The sample was cooled to
room temperature, homogenised using a coffee grinder then
filtered through miracloth and washed successively with hot 85%
EtOH (200 ml), chloroform:methanol (1:1 v/v) (200 ml) and 100%
acetone until a run through became clear. Samples were then air
dried overnight.
4.8. Cell wall analysis
Pectinwas extracted from the AIS by incubating in 50 mM CDTA
for 6 h at room temperature. The liquid fraction was removed and
the residue treated with 50 mM Na2CO3 overnight at 2 C, after
which the second liquid fraction was removed. Both liquid frac-
tions, containing the ionic and covalent pectin fractions, respec-
tively were then subjected to an uronic acid assay as described by
Filisetti-Cozzi and Carpita [39] and the results pooled. The
remaining residue was fractionated into “cellulose” and “hemicel-
lulose” rich fractions using 1:20 residue to 4 M KOH ratio, for 2 h at
room temperature or 25 C. The residue was washed to neutral pH
and dried to give the cellulose rich fraction. The KOH extracted
material was adjusted to pH5.5 using acetic acid, precipitated with
80% acetone and dried to give the hemicellulose rich fraction. Re-
covery of each of these fractions was assessed gravimetrically.
4.9. Monomeric composition
The hemicelluloses or cellulose rich fraction (30 mg) was sub-
jected to a two stage acid hydrolysis: initially with 12 M sulphuric
acid for 1 h at 37 C followed by 1M sulphuric acid diluted from the
12 M concentrate for 2 h at 100 C. The sugar monomers content of
the supernatant was determined by HPAEC-PAD (Dionex, UK) using
a CarboPac PA20 column with a 50 mM NaOH isocratic system and
ﬂow rate of 0.5 ml/min at 30 C. Glucose, xylose, arabinose and
galactose were used as standards with mannitol as internal
standard.
4.10. Determination of degree of esteriﬁcation of pectin by titration
Degree of esteriﬁcation was measured by the reductive method
[40]. AIS (200 mg) was incubated overnight in 20 ml 10 mg ml1
NaBH4 dissolved in a 1:1 mixture of ethanol and 0.5% NaOH.
Samples were then dried and washed 5 times with acetic acid and
methanol at a ratio of 1:9 respectively and then 2 washes of
methanol. Samples were dried and then dissolved in 67%H2SO4 and
the unesteriﬁed pectin determined by the method of Filisetti-Cozzi
and Carpita [39].
4.11. Statistical analysis
Statistical analysis on cell wall composition time points and
esteriﬁcation time points was performed using students T-test with
signiﬁcance taken at p values below 0.05. Statistical analysis of the
monomeric composition was done using GenStat 14th Edition, by
D. Lunn et al. / Plant Physiology and Biochemistry 66 (2013) 91e9796ANOVA with the transformed Log10 for the residuals to ﬁt
normality.
4.12. Determination of starch content
Starch content was assayed using a Starch Assay Kit (Sigma SA-
20). Starch was solubilised from AIS using the DMSO/HCl method.
The sample was incubated with 20ml DMSO and 5ml 0.8 MHCl for
30min at 60 C in a shaking water bath. The solubilised sample was
then pH adjusted to pH 4.5 and made up to 100 ml with dH2O. The
solubilised sample (1 ml) was then added to starch assay reagent
(1 ml) and incubated at 60 C for 30 min. Tubes were cooled and
200 ml of the samplewas added to 1ml of glucose assay reagent and
incubated for 15 min at room temperature. Absorbance was then
measured at 340 nm. Blanks were prepared as above for starch
assay reagent, glucose assay reagent and all samples. Starch content








TVSA ¼ Total Assay Volume from Starch Assay
SVSA ¼ Sample Volume from Starch Assay
TVGA ¼ Total Assay Volume from Glucose Assay
SVGA ¼ Sample Volume from Glucose Assay
Starch MW ¼ 162.1 d ¼ Light path (cm)
F ¼ Dilution Factor from Sample Preparation
ε ¼ Millimolar Extinction Coefﬁcient for NADH at 340 nm
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